13 one substrate to the reduction of another, yielding energy in the former step and 14 re-achieving redox balance with the latter. By probing the genetics of reductive 15 metabolic pathways in the gut resident C. sporogenes, we find unexpectedly that 16 electron transfer complexes are required for the production of reduced 17 metabolites. Physiologic measurements in vitro indicate that the reductive 18 pathways are coupled to ATP formation, revealing that energy is captured not just 19 during substrate oxidation, but also during coupled reduction, accounting for 20 ~40% of the ATP generated in the cell. Electron transfer complex mutants are 21 attenuated for growth in the mouse gut, demonstrating the importance of energy 22 capture during reductive metabolism for gut colonization. Our findings revise a 23 long-standing model for energy capture by Clostridium sp., and they reveal that 24 the production of high-abundance molecules by a commensal bacterium within 25 the host gut is linked to an energy yielding redox process.
Proteolytic Clostridia are a group of anaerobic bacteria that have the unique ability to 27 grow with amino acids and peptides as their sole energy source. Early studies with one 28 such bacterium, Clostridium sporogenes, revealed that it obtains energy by coupling the 29 oxidation of one amino acid with the reduction of another (the Stickland Reaction) 1 . 30 Oxidative pathways are thought to yield ATP via substrate level phosphorylation, and 31 reductive pathways provide redox balance within the cell 2,3 . However, the ATP yields 32 from oxidative metabolism are modest and cannot fully account for the high growth 33 yields achieved by these bacteria 4-6 . Thus, a key unsolved problem in this area is how 34 bacteria capture energy during Stickland metabolism. 35 Human feces and isolated microbial strains show prominent metabolic signatures of 36 Stickland metabolism including short-chain fatty acids, branched-chain fatty acids, and 37 aromatic fatty acids, suggesting that these pathways are active in the human gut 7-9 . 38 Stickland metabolites like indolepropionic acid (IPA), indoleacetic acid (IAA), and 39 butyrate are drug-like small molecules that are absorbed into circulation, bind receptors 40 (G-protein coupled receptors and nuclear receptors) and modulate important host 41 processes including intestinal permeability, immune homeostasis, and metabolism 10 . 42 These molecules also mediate syntrophic metabolic interactions, with aryl and branched 43 chain fatty acids being required growth factors for several groups of anaerobic gut 44 bacteria [11] [12] [13] . Despite their importance to human health and disease, we know very little 45 about the metabolic processes gut bacteria employ to produce such molecules. Using 46 the gut bacterium C. sporogenes as a model, we sought to explore anaerobic amino 47 acid metabolism with an eye toward uncovering mechanisms for energy capture. 48 C. sporogenes grows rapidly under anaerobic conditions in a defined medium 49 containing a mixture of 23 free amino acids and glucose (1 mM each), achieving a 50 doubling time of ~37 minutes (Figure 1A) . After 24 h of growth, most amino acids were 51 completely degraded ( Figure 1B) Figure 1C) . These findings illustrate the metabolic versatility of C. 58 sporogenes and highlight its importance as a model to understand the mechanisms of 59 Stickland metabolism. 60 To comprehensively assess the degree to which C. sporogenes utilizes amino acids 61 as Stickland pairs, we performed a high throughput growth based assay. Pairwise 62 combinations of individual amino acids or glucose (25 mM final concentration each) 63 were made in a basal medium where energy source was limiting. Growth was monitored 64 continuously for 48 h using a microplate spectrophotometer, and the maximum optical 65 density was determined (Figure 2A) . Results from analysis of the growth data support Figure 1) . To validate these growth screens, a subset of conditions 76 were performed under more stringent conditions ( Figure 2B) . These experiments 77 revealed particularly large increases in cell yield for the Stickland pairs, valine/proline 78 and serine/arginine ( Figure 2C) . Given existing knowledge of metabolic pathways for 79 arginine 14 , valine 5 , trans-4-hydroxyproline 15 , and serine 16 metabolism by Clostridium sp., 80 these results support our model for electron transfer between oxidative and reductive 81 pathways ( Figure 2D) . 82 Having characterized the physiology of Stickland metabolism, we next analyzed the 83 gene clusters that encode these pathways. Unexpectedly, we found that each reductive Figure 2F) . Taken together, these experiments reveal that the 113 reductive pathway for Stickland metabolism serves not only to provide redox balance, 114 but also drives ATP formation in the cell. 115 Having demonstrated that reductive metabolism is coupled to ATP formation, we 116 next asked whether the Rnf complex might be an important coupling site. We identified 117 a gene cluster which encodes the Rnf complex in C. sporogenes (Figure 4A ) and 118 targeted genes encoding two separate subunits (rnfB and rnfE) for disruption ( Figure   119 4B). These mutants suffered a growth defect when grown in minimal medium containing 120 10 amino acids (Figure 4C ), yet this phenotype could be suppressed by the addition of 121 glucose to the culture medium ( Figure 4C) . These data suggest that the growth 122 phenotype is characterized by defective amino acid metabolism. Metabolic profiling of 123 culture supernatants revealed that the rnfB mutant was defective in production of the 124 reductive pathway metabolites phenylpropionate, 4-hydroxyphenylpropionate, 125 indolepropionate, and 5-aminovalerate, suggesting an impairment in reductive Stickland 126 metabolism ( Figure 4D) . 127 Our findings suggest that disruption of the Rnf complex leads to altered amino 128 acid metabolism in vitro. Next we asked whether energy capture through the Rnf (Figure 4F) . 137 Our results show that C. sporogenes and its relatives ferment amino acids 138 through coupled oxidative and reductive pathways, to produce high abundance 139 metabolites known to influence host-microbe interactions in the gut (Figure 4G) . In 140 addition to producing ATP via substrate level phosphorylation, these organisms have 141 evolved strategies to harness chemical energy from the reductive pathway to enable 142 energy capture via electron transport phosphorylation. Acyl-CoA dehydrogenases 143 (Bcd/AcdA/AcdB) capture this energy via flavin-based electron bifurcation, where 144 potential energy is carried by reduced ferredoxin which then drives extracellular proton 145 (or sodium ion) transport. A similar mechanism is used by Acetobacterium woodii to 146 stimulate growth during caffeate respiration using electrons donated by molecular 147 hydrogen 23 . Homologs of these electron transfer complexes are present in bacteria from 148 7 unique Phyla, and 37 different families, (Supplementary Table 2 ), suggesting that 149 this mechanism for energy capture is widespread among anaerobic bacteria. By re- chamber under an atmosphere of 5% hydrogen, 10% carbon dioxide, and 85% nitrogen. 161 All manipulations with C. sporogenes were performed in the anaerobic chamber with 162 media and plastic ware that had been pre-reduced for at least 24 hours. The was introduced into C. sporogenes by conjugation as described previously 24 . 180 Transconjugants were selected on RCM agar supplemented with D-cycloserine (250 μg 181 ml −1 ) and thiamphenicol (15 μg ml −1 ), re-streaked for purity, and individual well-isolated 182 colonies were inoculated into RCM broth (without agar) containing the same antibiotics. 183 After overnight culture, the cells were diluted 10-fold, then 100 μl was spread on an 184 RCM agar plate containing erythromycin (5 μg ml −1 ). These colonies were picked, re-185 streaked onto TYG agar plates supplemented with erythromycin and well-isolated 186 colonies were inoculated into TYG broth supplemented with erythromycin. Genomic 187 DNA was isolated from candidate clones using the DNeasy Blood and Tissue Kit from 188 Qiagen with a lysozyme pre-treatment step, and this DNA was used as a template for 189 PCR using gene-specific primers. Primer sets were designed to produce a ~600-bp 190 product for the wild-type and ~2,800-bp product for the mutant containing the intron. 191 When verified mutants were streaked onto TYG plates containing thiamphenicol, no 192 growth was observed, indicating that the pMTL007C-E2 plasmid had been lost.
193
Quantitative growth curves in batch culture. To characterize the phenotype of 194 mutants, we used a previously described defined minimal medium referred to as 195 standard amino acid complete medium (SACC). The wild-type and mutant C. 196 sporogenes were streaked from an anaerobic glycerol stock onto RCM agar plates 197 without or with erythromycin (5 μg ml −1 ), respectively, and incubated for ~24 h at 37 °C. 198 Individual well-isolated colonies were inoculated into 5 ml of SACC broth supplemented 199 with glucose (10 mM) and were cultured for 24 h at 37 °C. Cells were diluted ~3,000-200 fold into fresh SACC medium supplemented with glucose and cultured for 15-16 h to 201 reach late-log phase. Optical densities at 600 nm (OD600 nm) were recorded for 202 cultures, then cells were washed once with SACC, and subcultured in 20 ml of SACC 203 with or without glucose (10 mM) at an OD600 nm of ~0.01 in 50 ml conical tubes. The 204 tubes were incubated at 37 °C inside the anaerobic chamber, and at hourly intervals, 205 800 μl aliquots were removed from the chamber and OD600 nm readings were 206 recorded using a GENESYS 30 spectrophotometer from Thermo Scientific.
207

Metabolite analysis by gas and liquid chromatography -mass spectrometry
(GC-MS and LC-MS).
Clostridium sporogenes ATCC 15579 was cultured in SACC 209 medium as described above, then cells were centrifuged (5,000g, 10 min, 4 °C) and 500 210 μl aliquots of supernatant were taken and stored in sealed 2 mL vials at -20 °C until use. 
